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Geometrical theory of diffraction
Foams
We are reporting a new simple optical element to generate halos. We have observed interesting patterns 
of light scattering in Plateau borders in foams. In analogy to the atmospheric phenomena known as 
parhelic circle, sun dogs, and sun pillars, we have named the features of the patterns observed as 
parlaseric circle, laser dogs, and laser pillars. The triangular symmetry of the Plateau borders is analogous 
to the hexagonal symmetry of ice crystals which produce these atmospheric phenomena. Working with 
one Plateau border at a time, we have observed wave optics phenomena that are not perceived in the 
atmospheric phenomena, such as diffraction and interference.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
A halo is a luminous ring obtained by reﬂection and refraction 
of light in some structures like crystals [1]. The parhelic circle is 
one case of halo in atmospheric optics in which we can see a 
white arc parallel to the horizon spanning 360 degrees in azimuth. 
However, some of these optical phenomena are also present in the 
light scattering in foams, when light hits some structures known 
as Plateau borders. A Plateau border is shown in perspective in 
Fig. 1(a), and it occurs at the junctions of three soap ﬁlms, and the 
proﬁle of its cross section as shown in Fig. 1(b) is about 0.5 mm 
across. The Plateau borders refract, reﬂect and diffract the light be-
tween their faces, sending light rays in particular directions. For 
example, in Fig. 1(c) there is the image of an intriguing pattern on 
a screen obtained from the light scattering of a laser beam through 
this Plateau border, with the formation of a parhelic-like circle pat-
tern with an array of straight lines. A schematic representation of 
this image is shown in Fig. 1(d). A more complex image is illus-
trated in Fig. 1(e) with ﬁve light spots in the parhelic-like circle 
and curved lines, using a green laser as the light source. As we 
were motivated by the observation of these patterns, we have de-
cided to study this phenomenon. Besides the aspect of these pat-
terns, it is important to develop new kind of optical elements, such 
as the hyperbolic prism [2] or the optical ﬁlter [3], and the study 
of light scattering in foams is a good way to achieve this task. In 
this work, we report a simple optical element to generate halos.
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0375-9601/© 2014 Elsevier B.V. All rights reserved.It is important to note that the aesthetic appeal of halos and 
arcs grasps the attention of viewers, and people have been debat-
ing halos for centuries. For example, the Sun Dog Painting (Vädersol-
stavlan) depicts a celestial phenomenon which occurred in Stock-
holm, Sweden, in 1535, and the description of the Vädersolstavlan 
painting can be found in Ref. [4], or the case known as parhelia 
in 1629, in which ﬁve Suns shined on Rome, according to Rene 
Descartes [5]. Greenler [1] has reported and explained these op-
tical atmospheric phenomena, known as halos, parhelia and sun 
pillars, in which tiny ice crystals in the atmosphere create halos by 
refracting and reﬂecting light. In this way, some authors have ex-
plained that light playing on ice crystals in atmosphere produces 
some surprising optical phenomena. Hunter [6] has suggested that 
only a good observation of the halos, sun dogs and pillars could 
help to understand these phenomena. In a practical way, we can 
explore the light scattering in foams to have a good observation 
of some halos, preventing the diﬃculties of the dependence of the 
atmospheric phenomena.
Some authors have studied the aspects involving optics and 
foams. For example, in order to describe the geometry of Plateau 
borders, Princen and Frankel [7] have studied the diffraction ef-
fects associated with the passage of a horizontal beam of light 
through a Plateau border to the contact angle between a vertical 
soap ﬁlm and the contacting bulk liquid. Agterof [8] has numer-
ically calculated the proﬁle of soap ﬁlms using the relation of 
contact angle to Fresnel diffraction patterns from the ﬁlm-border 
transition. Kralchevsky et al. [9] have presented a comparison be-
tween ﬂuid interfaces and the observed interference fringes. In the 
realm of geometrical optics, some authors have introduced compu-
530 A. Tufaile, A.P.B. Tufaile / Physics Letters A 379 (2015) 529–534Fig. 1. Perspective of the Plateau border in (a). The conﬁguration of the three deter-
gent ﬁlms, in which the interfaces are oriented at 120◦ angles from each other (b). 
In (c), there is the image obtained from light scattering in a Plateau border with 
halo and triangles formation. (d) Diagram of the previous image depicting the laser 
spot (LS) and two reﬂections of this spot, LD1 and LD2, the laser dogs. The straight 
lines at the laser spot are related to the light diffraction from thin ﬁlms, with the 
six-fold symmetry characterizing the triangular shape of the Plateau border cross 
section. In (e) there is another pattern obtained from the experiment similar to 
the previous one, but with four laser dogs inscribed at the circumference, arcs, and 
some curved lines. The halo formation occurs when the incident ray is oblique to 
the corner of Plateau border, and consequently the diffracted wave is conical.
tational ray-tracing methods to interpret images of foams [10] or 
light transport in foams [11].
Even so, as far as we know, we have not found in literature any 
study of halo formation from the light scattering in Plateau bor-
ders. This Letter is a sequel of our papers about optics and foams 
[2,3,12,13], and we have found that the patterns involving the halo 
formation in light scattering in foams can be partially explained by 
the law of edge diffraction suggested by Keller [14].
In the present Letter, we study the phenomena of halos, arcs 
and light spots when a laser beam is directed through a Plateau 
border and illuminates a screen creating a parhelic-like pattern. 
This Letter is organized as follows. The next section we present 
our experimental apparatus, in Section 3, we discuss the formation 
of images of halos and arcs from light scattering in Plateau bor-
ders based on the geometrical theory of diffraction, in Section 4, Fig. 2. (a) Diagram of the experiment. The Plateau border is where the three ﬁlms 
meet, forming a small tube with a triangular cross section which scatters the light 
as is shown in (b).
we analyze more diffraction patterns from the point of view of 
wave optics, the existence of diffraction fringes forming triangles, 
along with some polarization effects. We present our conclusions 
in Section 5.
2. Experimental apparatus
This experiment involves the scattering of light in three-
dimensional soap ﬁlm structures known as Plateau border. The 
Plateau border is the intersection of three thin liquid ﬁlms. The di-
agram of our experimental apparatus can be found in [2,3,12,13]
and Fig. 2(a) shows an illustration of the phenomena, while in the 
plot of Fig. 2(b) there is a cross section of a Plateau border using 
ray tracing technique to exemplify some optical properties of the 
Plateau borders.
We have observed the light scattering in a sample conﬁned 
in a transparent box [3,13]. This box consists of two plain par-
allel Plexiglas plates separated by a gap (19.0 × 19.0 × 2.0 cm3). 
The laser beam is direct to the edge of a single Plateau border 
formed by detergent ﬁlms inside the box and, as a result, there 
is a light pattern. The box contains air and an amount of com-
mercial dishwashing liquid diluted in water (V = 114 cm3). The 
essential surfactant is linear alkylbenzene sulfonate (LAS). The sur-
face tension is 25 dyne/cm, and the density of this detergent is 
ρ = 0.95 g/cm3, with refractive indices of liquid nl = 1.333, and 
ng = 1.0 for the air. The foam is obtained by shaking the box. The 
length of the Plateau border is 2.0 cm, the proﬁle of its cross sec-
tion is 0.5 mm across and the detergent ﬁlm thickness is 10 μm. 
Once the beam reaches the Plateau border, part is reﬂected or re-
fracted, and part is transmitted scattering the light, and an image 
is projected onto a screen. A digital camera is used as a light de-
tector of the light to register the pattern on the screen. The light 
sources used when photographing the light scattered in the sam-
ples were two laser diodes: LabLaser (Coherent) with a wavelength 
of 635 nm (red), and a green diode laser with a wavelength of 
532 nm. The beam width is around 2.0 mm for each laser beam at 
the Plateau border.
The Plateau border axis is denoted t , and we refer to the axis 
and planes perpendicular to this axis as normal axis and normal 
planes. The ξ–η plane is the image plane of the screen, and it is 
normal to the Plateau border axis. The r–s plane is another normal 
plane, and it is the plane of the cross section of the Plateau border. 
The laser beam forms an angle of incidence θ with the normal, and 
the angle of scattering is φ. The angles are measured in degrees.
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by the angle φ of the conical shell in (a) that occurs due to the light scattering in 
the Plateau border. The plot in (b) shows the data obtained from the experiment 
with the linear ﬁt (dashed line), showing a linear dependence. This plot is almost 
the same for red and green lasers. The angles are measured in degrees.
We have used some routines written in commercial software 
(Origin) in order to analyze image proﬁles of light scattered and in 
order to simulate the light scattering in foams.
3. Halos and arcs
First, we studied the dependence between the angle of inci-
dence θ of the laser beam impinging on a Plateau border and 
the respective angle of halo formation φ. For certain angles of 
incidence θ , we can observe a circumference of a light ring. The 
change of the circumference diameter due to incident angle θ , can 
be expressed by the angle φ. The diagram of Fig. 3(a) illustrates 
the light scattering and the image formation of the parlaseric cir-
cle. In our experiment we found that the formation of the halo 
pattern is related to the reﬂection law, and because the scattering 
is in a conical shell centered on the t axis, the absolute value of 
(θ − 90◦) is equal to the angle φ in the plot of Fig. 3(b). The linear 
ﬁt (dashed lines) was obtained using these data, showing a piece-
wise linear dependence between θ and φ. In the insets of Fig. 3(b) 
there are three representative images for different values of θ . The 
most prominent light spot is the laser spot represented in the dia-
gram of Fig. 1(d) as LS, with some lines intersecting this point, and 
it is the direct incidence of the laser beam in the image plane. We 
can observe more light spots due to reﬂections of the main light 
spot LS and, inspired by the nomenclature of the parhelic circle, 
we refer to these light spots as laser dogs (LD) in the diagram of 
Fig. 1(d). These circles are concentric for all values of θ .
In Fig. 4, we can see some examples of the patterns obtained 
using the red laser beam. For values of θ around 90◦ we have small 
circles with one laser spot and two laser dogs, as it is shown in 
Fig. 4(a). Increasing the angle θ from 90◦ , the radius of the par-
laseric circle increases and in addition to this, we still observed 
one laser spot, but the number of laser dogs increases to four, 
forming a total of ﬁve light spots inscribed at the circumference 
of the parlaseric circle, as it is shown in Figs. 4(b)–(d). Decreasing 
the angle θ from 90◦ , we have observed the same behavior of con-
centric circles centered at same point, but with a specular image 
of the previous case.
From these data, we are certain that this halo is a projection of 
a conical shell produced by the light scattering in the Plateau bor-
der. With this information, we have looked for this kind of optical Fig. 4. For certain angles of incidence we can observe the circumference of a ring 
which increases for different values of the angle θ . For values of this angle around 
90◦ , we can observe three light spots inscribed at the circumference. The change of 
the circumference due to incident angle θ , can be expressed by the angle φ. (a) For 
the value of angle θ = 96◦ , we have obtained a small circle with three light spots 
and a diffraction starburst pattern. In (b) we have increased the angle, θ = 98◦ , and 
the radius of the parlaseric circle increased. Another effect observed is the increas-
ing of the number of laser dogs to four, and consequently we can observe ﬁve light 
spots inscribed at the circumference for θ = 103◦ . (c) Increasing the angle θ still 
more for 118◦ , we start to observe the existence of arcs along with the increasing 
of the circle radius. For large values of angle θ we have obtained bigger circles in 
(d). In our experiments we have found that the formation of this circumference is 
related to the reﬂection law and the conical scattering of light at same time. This 
conic shell is known as Keller’s cone in the geometrical theory of diffraction.
scattering in the literature, and we have found two possibilities in-
volving the observed phenomenon.
First we have found studies involving light scattering in ﬁbbers. 
In order to explain the light scattering phenomenon for conical 
scattering, some authors have considered the geometry of reﬂec-
tion and refraction from ﬁlaments [15,16], in which the geometry 
is visualized using a unit sphere of Fig. 5(a). If we consider the axis 
t of Plateau border in a line crossing the North Pole and the cen-
ter of the sphere and the normal vectors in the equator, the light 
scattering receives contributions from reﬂection and refraction in 
some regions of a conical shell. To analyze reﬂection for a given 
incident direction Ri , we have considered a surface normal v and 
the corresponding reﬂection vector Ro . The geometrical relation-
ship between the incident ray Ri and outgoing ray Ro is given by 
reﬂection rule θi = θr , or in terms of light rays in the normal sur-
face vRi = vRo . The reﬂection rule makes the distances Ri and Ro
from equator of this unit sphere to be equal. The case of the law of 
refraction follows the same ideas in the reﬂection case. The refrac-
tion rule states that Ri , v , and Ro are also coplanar, and according 
to Snell’s law the rays that refract on the way out of Plateau border 
could have the same equidistance condition:
ni sin θi = nt sin θt . (1)
For example, considering the r–s plane, we can calculate the 
light rays in the Plateau border using ray tracing method [2], as it 
was previously shown in the plot of Fig. 2(b). The rays R1 going 
inside the Plateau border without any deviation, are reﬂected (R2) 
and refracted (R3) at the bottom of the prism as:
R1 = (r − 2R) tg θi,
R2 = (r1 − r) tgα + s1,
R3 = (r2 − r) tg θ f + s2, (2)
where (r, s) are the coordinates in the Cartesian plane, (r1, s1) is 
the coordinate of the light ray for the reﬂection at the edge of the 
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sphere (a). The axis of Plateau border is at a line crossing the North Pole and the 
center of the sphere, and the normal vectors are in the equator. In (b) there is the 
image of the parlaseric circle in the image plane with the laser spot from Ri and the 
two laser dogs related to Ro . We can observe the two interference fringe patterns 
connecting the laser dogs to the laser spots.
prism, (r2, s2) is the coordinate where the light ray refracts, R is 
the radius of the circle which forms the proﬁle of the prism, θi is 
the angle of incidence, α is the angle after the ﬁrst reﬂection, and 
θ f is the angle of exit of the light ray.
In three dimensions, a light ray can enter at any point of the 
Plateau border, to be reﬂected for a certain time and to escape at 
any point of the Plateau surface by multiple reﬂections and refrac-
tions.
Second, to say that the angles of reﬂection and refraction are 
deﬁned by the angle of incidence is of very limited use, when 
the surface normal is not well deﬁned, because of the geometry 
of the Plateau border. At the sharp edges of the Plateau border, the 
surface normal is not deﬁned, and light behaves as if the normal 
were in all possible directions. Consequently, part of the incoming light striking the edge will give rise to a conical shell of diffracted 
rays, forming halos or partial halos (arcs), analogous to the case of 
light scattering from a cylindrical ﬁber, explained by the geometri-
cal theory of diffraction [14], which is an extension of geometrical 
optics for diffraction.
Qualitatively speaking, the parlaseric circle obtained from the 
light scattering in a transparent ﬁber with the cross section of 
a Plateau border is a combination of these two cases. The com-
plete image of the halo is the projection of this conical shell in 
the screen, as it is shown in Fig. 5(b), showing a perfect circle ob-
tained from the experiment. Combining the law of edge diffraction 
[14] with the geometric optics of light scattering from ﬁbers [15,
16], we have conjectured that when the incident ray is oblique to a 
long sharp edge of a Plateau border, the scattered wave is conical.
4. Triangles with diffraction patterns
In addition to the existence of the circle discussed previously, 
we also have the existence of straight lines of Fig. 1(c) at the laser 
spot, forming the hexagonal starburst pattern of light in Fig. 4(a), 
in the equivalent curved pattern of Fig. 1(e), and also present in 
the insets of Fig. 3(b). Considering the case of the diagram of 
Fig. 1(d) with three light spots, the brightest spot of light in the 
parlaseric circle is caused by the laser beam, while the other spots 
of light (laser dogs) are caused by the reﬂection of this ﬁrst spot in 
soap ﬁlm surfaces, because each ﬁlm acts as a beam splitter. The 
Plateau border cross section of Fig. 2(b) has three sharp edges, and 
each sharp edge creates a bright line of fringes due to the diffrac-
tion explained by the traditional wave optics. As a result, there are 
three crossing bright lines of fringes at the laser spot, with the 
orientation of each fringe being perpendicular to the edge which 
produced it. This is equivalent to the Fraunhofer diffraction of light 
of an equilateral triangular aperture, which has a six-fold symme-
try diffraction pattern [3].
Algebraically, given a Plateau border in the r–s plane and an 
image plane ξ–η, we can take the spatial Fourier transformed to 
get ωr and ωs components of the Fourier transformed function, 
with angular frequency ωr along ξ and ωs along η. Considering 
the axis of the Plateau border is along the t axis, the propagation 
of light from the Plateau border to the image plane can be mod-







where r and s are the coordinates in the triangle plane, U (ξ, η) is 
the optical ﬁeld in the image plane, and u(r, s) is the optical ﬁeld 
in the Plateau border. Considering k as the wave vector k = 2π/λ, 
under substitutions ωr = kξ/t and ωs = kη/t the image observed 
is a Fourier transform. In this way, sharp edges in the input to 
the Fourier transform are represented by bright streaks in the out-
put, with orientation of streak being locally perpendicular to the 
edge which produced it. The Plateau border has three sharp edges, 
and therefore the resulting point spread function produces a six 
pointed star, similar to the image of Fig. 4(a), or in Figs. 5(a)–(b) in 
Ref. [3]. The same diffraction pattern is obtained for a hexagonal 
aperture with the diffraction given by the straight lines ηi(ξ):
η1(ξ) = ξ
√
3, η2(ξ) = −ξ
√
3, η3(ξ) = 0. (4)
The existence of this pattern with six stripes resembles the 
light pillars observed in optical atmospheric phenomena, which is 
caused by sunlight being reﬂected and refracted by horizontally 
ﬂoating hexagonal ice crystal columns [1] producing the long col-
umn of light, which was considered an omen by ancient people. In 
contrast to our experiment, the effects of wave optics are not cited 
A. Tufaile, A.P.B. Tufaile / Physics Letters A 379 (2015) 529–534 533Fig. 6. Diffraction patterns and interference fringes forming triangles along with the 
halo formation, or the parlaseric circle. We can observe the difference of the size 
of diffraction fringes in two sides of the triangle for different values of θ . The laser 
spot is at the vertex in the top of the triangle. We have observed that by increasing 
of the angle of incidence θ , the size of the bright regions of the diffraction fringes 
decreases. Inside the circle, we can observe fringes of interference forming cords 
connecting the laser dogs with the laser spot. The values of angles are in (a) θ =
94◦ , (b) θ = 97◦ , and (c) θ = 100◦ .
at the parhelic circle phenomena observed in atmospheric optics 
[1]. It is important to note that the presence of wave optics is ob-
served in other types of phenomena in atmospheric optics such as 
glories [17].
Furthermore, inside the circumference in Figs. 6(a)–(c), each 
spot is connected by a fringe of interference, and previously repre-
sented in the diagram of Fig. 1(d). What is the cause of this fringe? 
We have veriﬁed that when the laser beam hits the edge of a 
soap ﬁlm held vertically, the light is diffracted by the ﬁlm, and 
a horizontal line formed by series of bright and dark bands ap-
pears on the screen similar to the case of a single slit diffraction, 
for the case of normal incidence. For the case of oblique incidence, 
the ﬁlm acts as a beam splitter and presents two light spots in 
this horizontal line of diffraction. Due to the interference between 
the diffracted light waves from the pair of light spots inscribed at 
the parlaseric circle, there is a pattern of interference fringe be-
tween the two light spots. Therefore the interference fringes inside 
the halo are the typical case of interference pattern of two-point 
source.
The diffraction fringes can be compared with diffraction fringes 
of the triangular patterns observed in Fig. 6. The size of each trian-
gle in Figs. 6(a)–(c) is related to the angle of incidence θ . Likewise 
in the case of halo formation, we have experimentally obtained 
that the triangular formation is related to the reﬂection law. As Fig. 7. Plot of the length of each side of the projected triangle (xt ) for some values 
of θ . As we have increased the angle of incidence θ , each side of the triangle has 
increased linearly for this range of angle values. The projection of the curvaceous 
triangles appears for other values of θ .
we have increased the angle of incidence θ , each side of the trian-
gle has increased linearly for the range of θ values of the plot in 
Fig. 7. In each triangle of Figs. 6(a)–(c), we can observe the differ-
ence of the size of the diffraction fringes in two adjacent sides of 
each triangle for three different values of θ . The laser spot is in the 
vertex at the top of the triangle, and in the right side of the tri-
angle there is a laser dog in the vertex. We have obtained that by 
increasing the angle of incidence θ , the size of the bright regions 
of the diffraction fringes decrease. Inside the circle, we can observe 
interference fringes forming cords connecting the laser dogs with 
the laser spot with no signiﬁcant change.
All these projections, spots, circles, arcs and pillars are present 
together forming different patterns for different values of angle of 
incidence θ . Besides the hexagonal pattern, triangular shapes and 
arcs, there are also fringes at the circumference of the parlaseric 
circle, as we can see in Fig. 8. In Fig. 8(a) we show the intensity of 
light obtained from the experiment, for the arc of Fig. 8(b), which 
is part of the parlaseric circle, the two spots of light are related 
to reﬂections from the laser beam. The light intensity varies for 
different points of this arc. While the two columns of Fig. 8(a) rep-
resent two laser dogs, we can see that the high values of intensity 
of diffracted light are mainly at the middle part of the arc.
We did an additional test using light polarization in order to 
understand the cause of the interference fringe inside the par-
laseric circle. In this way, we used a polarizer before the Plateau 
border and an analyzer after that. When the analyzer direction is 
at 90◦ of the polarizer direction, the light intensity of the star 
pattern is almost zero, while the intensity of the circle pattern 
is almost unchanged. This means that the star diffraction pattern 
keeps almost the entire degree of light polarization and the conical 
diffraction keeps no degree of light polarization. For example, for 
the case of Fig. 6(a)–(c) in which the fringe size is smaller inside 
the circle than outside, when changing the analyzer position to cut 
the brighter spot (laser spot) or the laser dog, the fringe size in-
side the circle increases, so we have conﬁrmation that the smaller 
fringe pattern inside the circle is the result of light interference 
between the pair formed by the diffraction of the laser spots.
Finally, to explain the additional lines and distortions, we ob-
served that this system has some kaleidoscopes properties. From 
our previous work [2,13], we have conjectured that the reﬂections 
in the image formation from Plateau borders is intimately con-
nected with hyperbolic geometry. For example, we observed some 
optical effects and the analogy with Poincaré disc. Because Plateau 
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circle. In (a) we are showing the amplitude of the light intensity obtained from 
the experiment, for the light arc shown in (b), in which the two spots of light are 
related to reﬂections from the laser beam (laser dogs), while the arc is the effect of 
the light diffraction. The amplitude is different for different points of this arc. High 
values of intensity of diffracted light are mainly at the middle part of the arc.
borders are curvaceous prisms like those shown in the diagram 
of Fig. 2(b), certain projections are direct motions of the hyper-
bolic plane known as Möbius transformations. The Plateau border 
shares some physical properties of kaleidoscopes, a system which 
produces a faceted pattern that ﬁlls the entire ﬁeld of view, as in 
the case of the three mirror kaleidoscope of Fig. 4 of Ref. [13]. For 
the case of the three ﬁlms meeting at the Plateau border, the con-
dition of reﬂection for certain values of angle of incidence of light 
creates partial patterns of hexagonal structures, such as the trian-
gular pattern shown in Fig. 1(c), the distorted pattern of Fig. 1(e), 
and the triangles of Figs. 6(a)–6(c).
5. Conclusions
This Letter reports a table-top experiment which allows for ef-
fective observation of halos, light spots and light pillars. We have 
reported some patterns obtained from light scattering in Plateau 
borders. These patterns involve halos, arcs, spots, lines and trian-
gles, and there are some similarities to the case of parhelic circle 
halo formation. For the case of the image formation of halos and 
arcs, the scattering of an incident laser beam from the Plateau border will be partially in a cone centered on the Plateau border 
axis. The halo formation is related to the law of edge diffraction: 
when the incident ray is oblique to the edge of Plateau border 
the diffracted wave is conical, in the realm of geometrical theory 
of diffraction. Additionally, the clear effects of wave optics in this 
phenomenon can be observed by the presence of diffraction and 
interference fringes, causing the existence of some patterns, such 
as a diffraction pattern with six-fold symmetry and triangles. The 
straight lines in this six-fold symmetry and some curved ones can 
be explained using the theory of Fraunhofer diffraction.
While the halo phenomena in atmospheric optics is related to 
the light refraction in the hexagonal ice crystals, the halos ob-
served in light scattering in Plateau borders are related to the op-
tics of curvaceous prisms. The curvature shapes of Plateau borders 
cause incident light to be scattered in different directions, because 
the direction of the rays leaving the Plateau border can vary greatly 
for the same incident angle with a small positional offset. Besides 
these nonlinear effects observed, the pattern formation involves 
projections of the reﬂected light, and these projections are related 
to Möbius transformations such as rotation, dilation, and transla-
tion.
For the case of atmospheric optics, the common explanation of 
sun pillars has been that ice crystals produce the long column of 
light by reﬂection and refraction. In the case of our experiment, the 
laser pillars are mainly created by light diffraction in the Plateau 
borders.
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